SUMMARY: When Alternaria solani is grown on any one of a variety of defined culture media, an antibiotic metabolic product, alternaric acid, accumulates in the medium. The quantity of alternaric acid produced is directly related to the amount of mycelium formed; good yields of alternaric acid are obtained on any medium which supports good growth. Optimal media contain high concentrations (7-5 yo (w/v) or more) of sucrose, which is better than any other carbon source tested. Nitrogen may be supplied as nitrate or casein hydrolysate; ammonia as nitrogen source is equally good when supplied in conjunction with a suitable organic acid, 0.25 % (w/v) acetic acid being particularly favourable.
Of these, No. 159 is a saprophytic species quite distinct morphologically from the remainder. The other cultures of A . solani and A . porri are very similar; Neergaard (1945) has proposed to group A . porri, A. solani and A . dauci in one species as formae speciales of A . porri. Of these strains, Nos. 407 and 483 are strongly chromogenic, producing abundant wine-red pigment on Czapek medium,
RESULTS

Antagonism in agar culture
In agar streak tests A . solani No. 407 showed pronounced antagonism to Staph. aureus and B u t . coli; no other strains showed activity of any kind.
All showed activity against B. allii in the reversed agar test. Complete lack of activity in agar streak tests has been previously reported for another strain of A. solani .
On the basis of these results, strain 407 was at first selected for further study, the intention being to isolate the antibacterial substance. Cultures were grown on a number of liquid media and assayed for antibacterial activity (serial dilution assays with Staph. aurew and S. typhi, cylinder plates assays with B. subtilis) and antifungal activity. Under these conditions no antibacterid activity was detected but, even at great dilutions, the culture filtrates produced a characteristic 'stunting' of B. allii germ-tubes. Attention was diverted to isolation of the substance responsible for this effect and a study of the cultural conditions under which it is produced, using the method of assay described in an earlier paragraph.
Comparison of strains in liquid culture
It now seemed desirable to re-examine all the cultures for production of this factor which caused stunted germ-tubes. Table 1 shows the results of such a comparison. , Cultures were grown on medium N (10 yo glucose +potassium nitrate +mineral salts) and medium T (10 yo glucose +casein hydrolysate + mineral salts) ; detailed compositions of these media have been given previously (Brian, Curtis & Hemming, 1947) . All the strains grew more rapidly on medium T and the activity of culture filtrates was somewhat enhanced in the case of strains 407, 408 and 483. Negligible activity was recorded on both media for strains 484 and 159.
On the basis of this and similar experiments, all of which confirmed the high productivity of strain 408, that strain was chosen for intensive study. 
-
Nevertheless, many experiments described below were also confirmed using strain 407, and, as will be seen, the same active material, alternaric acid, was obtained from both strains.
Relation between medium composition and antifungal activity
In preliminary experiments it was found that the antifungal substance was freely formed in a simple glucose +nitrate +mineral salts medium (N). The first studies on medium composition described below are concerned with derivatives of this simple medium in which the nature and concentration of the carbon source and the initial pH of the medium were varied. Subsequently, variation of the nitrogen source and the addition of organic acids were investigated. Straih 408 was used throughout; occasionally strain 407 was included for comparison but results with that strain are not described in detail here.
Glucose concentration. The results of a typical experiment are given in Table 2 . It will be seen that both the weight of mycelium produced and the maximum activity titre were directly related to the glucose concentration in the medium. The relation between glucose concentration and pH drift was less simple. In media with 1-0 % or 2.5 % glucose the pH rose rapidly in the first twelve days from 4.8 to about 8-41 and thereafter showed relatively little change. In media with higher glucose concentration the rise was less rapid after the eighth day so that on the twelfth day the pH was around 7.8; thereafter the pH remained steady or fell slightly in the medium with 10 yo and 15 % glucose but fell rapidly in the 5 yo glucose medium before reaching a steady level. This anomalous behaviour of media with intermediate glucose concentrations has been observed on several occasions and is seen even more strikingly in Table 3 , which describes a similar experiment in Czapek medium, which contains potassium chloride in addition to the salts present in medium N. In this experiment ( Table 3) the relationship between glucose concentration, antifungal activity and weight of mycelium is the same as in the experiment with medium N (Table 2) but the pH drift is surprisingly different. In this case, whereas the media with low glucose (1 % and 2-5 %) show a pH rise after a slight initial fall, those with high sugar fall considerably before reaching a steady level, but again the fall is greatest in the medium with 5 % glucose, Both these experiments were repeated with strain 407. Similar results were obtained, though the maximum levels of antifungal activity were much lower. Initial p H of the medium. The results of an experiment where medium N (10 % glucose) was initially adjusted, with KOH or HC1, to a range o€ pH values between 4-0 and 7.6 are recorded in Table 4 . The pH of all media followed a similar course after the thirteenth day of fermentation; the final titres of antifungal activity and the dry weight of mycelium formed were similar in all media except that initially adjusted to pH 7.6. In that medium growth was initially slow, development of antifungal activity was correspondingly retarded and the final dry weight of mycelium formed was somewhat less than on the other media. In all subsequent experiments the medium has been initially adjusted to pH 5-5-6-5. Comparison of carbon sources. Glycerol, galactose, glucose, lactose and sucrose were compared at 10% concentration in medium N ( Table 5) . On glycerol and galactose growth was slow and activity titres were correspondingly low. Growth was initially slow on lactose but eventually good mycelial felts were formed and the final activity titres were as good as those on glucose. Titres on the sucrose medium were considerably higher than on glucose, though growth was not markedly different; this result has been frequently confirmed. 
7.6
An experiment (Table 6) in which sucrose concentrations were varied between 1 yo and 15 % in medium N, showed the same general relationships between sugar concentration, pH drift, activity titre and weight of mycelium as was found in the experiment with glucose previously described (Table 2) .
It is interesting to note once more the anomalous pH drift with 5 yo sugar.
Comparison of nitrogen sources. Strain 408 was grown on the simplified medium already described, containing 10 yo glucose, nitrogen being supplied in various forms, namely, potassium nitrate (N), ammonium tartrate (AT), ammonium nitrate (AN), ammonium sulphate (AS) and hydrolysed casein (T). The results are presented in Table 7 . Growth was very poor on AS and AN, the mycelium being almost entirely submerged. Good felts were produced on all other media, those on N being particularly good. A similar failure to grow on AS and AN media has been recorded previously (Brian, Curtis & Hemming, 1947) with the fungus Myrothecium verrucaria (= Metarrhixium glutinosum). Poor growth on these media is associated with a fall to very low pH; the degree of antifungal activity recorded in culture filtrates is remarkably high considering the poor growth. A similar unexpectedly high activity on medium AS, in spite of poor growth, is recorded in maximum activity reached in both these media after nineteen days was not maintained. High activity developed on media N, AT and T. No one kind of pH drift is specifically suitable for development of high titres; a steady rise in pH to about 7.5 (medium N) and a fall to pH 3.8 (medium T), were equally suitable. In this experiment, medium T gave higher titres than any other medium but even more striking was the far more rapid establishment of a mycelial felt, which would have practical advantages in a large-scale fermentation with this somewhat slow-growing mould.
Brian, Curtis & Hemming (1947) showed that growth of M . verrucaria in ammonia media could be greatly improved by addition of various organic acids to the medium and production of glutinosin was proportionately improved. Similarly addition of various organic acids to medium AS improved growth of A. solani and production of the antifungal substance (Table 8) .
One effect of the organic acid supplements was to prevent the rapid fall in pH which occurred in unsupplemented medium AS. The effectiveness of the acids varied from that of oxalate, which replaced the steep fall to pH 2-5 by a gradual fall to pH 4-6, to that of acetate which caused a steep rise in pH. In general terms it is true to say that the stimulating effect of the acids on growth was proportional to their effect on pH drift, acetate causing the greatest growth increases, oxalate the least. The order of antifungal activity of culture filtrates followed the same course, when only those media containing an Eflect of organic acid supplements in ammonia media. organic acid supplement are considered; the titres for the AS medium unsupplemented were anomalously high, in spite of very poor growth, as has already been recorded.
Further comparison of optimal media. From the series of experiments which have been described it was concluded that high titres of antifungal activity could be obtained on media containing nitrogen as nitrate, as hydrolysed casein or as ammonium sulphate in the presence of acetate, fumarate or succinate. In experiments not detailed here it was established that in each of these types of medium, high sugar concentrations were optimal and that sucrose was superior to glucose. Table 9 shows a comparison of four such media. There was little to choose between the nitrate (N), hydrolysed casein (T) and ammonium sulphate+0*25 yo acetate (AS+A) media; in other experiments their relative positions might change, though the hydrolysed casein medium was perhaps most reliable owing to the rapidity with which a mycelial felt is formed. The ammonium sulphate+l Yo succinate medium, in this and other experiments, was somewhat less suitable than the other three. These three optimal media supported heavy growth and consistently high titres were obtained, although the pH drifts differed considerably. In this respect the alternaric acid fermentation differs from some others. In the production of viridin by Trichoderma viride (Brian, Curtis, Hemming & McGowan, 1946) , gladiolic acid by Penicillium gladioli (Brian, Curtis & Hemming, 1948) and gliotoxin by T . viride (Brian & Hemming, 1945) , the pH drift in the culture was found to be a main factor influencing production and accumulation of the antibiotic. In the production of glutinosin by M . verrucaria (Brian, Curtis & Hemming, 1947) and griseofulvin by P . janczewskii , there was no relation between pH drift and production of the antibiotic, but neither was there any obvious relation between yield of mycelium and yield of antibiotic. In production of alternaric acid by A. solani,. high titres are almost always correlated with high yield of mycelium, Inspection of the data presented in Tables 2-9 will confirm this, the only significant exceptions being the somewhat high but transient titres recorded on ammonium nitrate (AN) or ammonium sulphate (AS) media in spite of poor growth.
Isolation of alternaric acid
Isolation of the active material has only been attempted with two strains of A. solani-Nos. 407 and 408. Much the heavier yields have been obtained with 408 and this strain is now used exclusively for production, The substance isolated is the same from both strains.
Development of a method of extraction and purification proceeded simultaneously with the work on development of optimal culture media. In the early stages of the investigation, culture filtrates of low activity only were available. Under those conditions a method of extraction was developed which proved to be ineffective for culture filtrates of higher activity; conversely, the method adopted finally for highly-active filtrates had been found ineffective for the earlier batches of low activity. As this relation between isolation technique and concentration of the active material in the fermentation liquor is of some interest, a short account of the development of the extraction methods is given below.
Culture filtrates of three different levels of activity became available during the development process: (a) from strain 407 on glucose+nitrate media, of low activity; ( b ) from strain 408 on glucose+nitrate media, of moderate activity; (c) from strain 408 on sucrose+nitrate media, of high activity. There were three corresponding stages in the development of the isolation techniques.
Process 1. It was found that the active material could be removed from culture filtrates adjusted to pH 3.5 by extraction with chloroform, benzene or n-butanol. Extraction a t pH 5.5 or above was inefficient. On evaporation of these solvents, a brown gummy material was produced which could not be recrystallized satisfactorily from petroleum ether, carbon tetrachloride or water; the gum was highly soluble in all other solvents. The chloroform extract was therefore shaken three times with equal volumes of a pH 5.5 buffer and most of the activity was transferred to the buffer. Experience showed that extraction of chloroform extracts with buffer was best done in an atmosphere of nitrogen, otherwise there were considerable losses of activity. When the buffer was then acidified to pH 3-5 and extracted with an equal volume of carbon tetrachloride, 75 yo of the activity was removed from the buffer. Much coloured impurity was removed by this process; carbon tetrachloride effected more purification than chloroform. On evaporating the carbon tetrachloride a pale yellow gum was obtained. On recrystallization from water, colourless plates were obtained, causing marked stunting of B. allii germ-tubes at 0.1 pg. /ml. or even lower concentrations. This substance was found (Brian et al., 1949) to be an optically active dibasic acid and was named alternaric acid. Yields of the order of 1-2 mg./1. were obtained from low-activity culture filtrates in this manner.
Process 2. Using the more active glucose +nitrate culture filtrates from strain 408, which also produced much less pigment, it was found possible to obtain a crystalline product directly from the gummy material obtained by evaporation of the first chloroform extract. It was difficult to remove all brown colour and the procedure, outlined above as process 1, was still used, with the modification of decreasing the volume of the first chloroform extract before re-extracting into buffer. Yields of the order 5-10 mg./1. were obtained.
Process 3. When highly-active culture filtrates from strain 408 on sucrose + nitrate media (7-5 Yo sucrose) became available it was found that the extraction processes described above were unnecessarily complicated. The previously rejected method of evaporation of the first chloroform extract, followed by recrystallization, was again tried and, under these conditions, found successful. The method now adopted is to adjust culture filtrates to pH 3-5, extract twice with 1/10 vol. of chloroform, evaporate the chloroform extract to P . W. Brian et al.
dryness under reduced pressure and recrystallize from benzene. Yields of alternaric acid, under these conditions, are high; the mean yield of ten batches was 140 mg./l., the highest yield in the series being 236 mg./1.
It has been shown earlier that a casein-hydrolysate medium (T) is frequently superior to the nitrate medium (N). These two media, both cdntaining 7.5 % sucrose, were compared on three occasions under comparable conditions.
The mean yields were: T, 167 xng./l.; N, 119 mg./1. The superiority of medium T was thus confirmed.
Medium AS, which has earlier been shown to give unexpectedly high assays, gave a mean yield, in comparable experiments, of only 22 mg./l. The high titres observed still require explanation.
Antibiotic activity of alternaric acid
Experiments to determine the stability of aqueous solutions of alternaric acid showed that solutions in Czapek-Dox solution could be boiled for 5 min. in the range pH 3-7-6 without loss of activity and could be autoclaved (15 lb./sq. in.) for 20 min. without loss of activity in the range pH 4-7.6, but that autoclaving at pH 3 caused a partial loss of activity.
No antibacterial activity has been noticed ; the following organisms grew normally in broth containing 100 pg. alternaric acid/ml. : Bacillzls Zactis aerogenes, B. brevis, B. subtilis, Staph. aurezls, S. typhi and Bact. coli (two strains).
Antifungal activity was tested by a spore germination test a t pH 3.5. Table 10 shows the least concentrations ( a ) inhibiting germination, and ( b ) causing stunted germ-tubes, of a number of fungi. The extreme specificity should be noted; some fungi, e.g. M. verrucaria, are extremely sensitive, germination being completely inhibited by low concentrations of alternaric acid ; others, e.g. Fusarium caeruleum, are very resistant, high concentrations having'no noticeable effect; still others, e.g. B. allii, show stunted germ-tubes at low concentrations, though much higher concentrations fail to prevent germinat ion. As in most cases where a toxic agent is a weak acid, alternaric acid is antifungal only in the undissociated state; at pH 6.5 a concentration of 100 ,ug./ml. is without visible effect on B. allii or M . verrucaria.
The stunting effect on fungal hyphae might be produced in several ways, which could not be distinguished by an assay where one observation is made at a fixed time-interval after setting-up the assay. There are three main possibilities: (a) an extension of the latent period before germination commences, followed by normal germination and growth; to produce the observed effects this would mean an extension of the latent period from 1.5 hr. to at least 14 hr.; ( b ) a diminution of the rate of hyphal extension after germination and formation of germ-tubes has taken place; ( c ) a general slowing-down of all the processes of germination and hyphal extension. Several experiments have shown that the second of these possibilities is, in fact, what takes place. The results of periodical counts of percentage germination and measurements of germ-tube length of B. allii spores, in solutions of alternaric acid and in normal nutrient, are shown in Table 11 . The final effect of 1 pg. alternark acid/ml., after 24 hr., is to decrease percentage germination by 14% only but to decrease mean germ-tube length from 462 p. to 12-6 p. Using a stronger solution (10 pg./ml.) the effects are slightly more marked. In spite of this marked final effect, for about 6.5 hr. after setting-up the experiment, or about 5 hr. after the commencement of germination, alternaric acid has little or no effect; after that point, while the germ-tubes in the normal medium elongate exponentially a t a rapid rate, the increase in length of germ-tubes in alternaric acid is very slow. The stunting of germ-tubes caused by alternaric acid is therefore produced by a decrease in the rate of elongation of the young hyphae which does not take effect until some hours after germination has commenced. The further analysis of this interesting effect will be dealt with in a subsequent publication.
